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Protective effect of a mechanistic target of
rapamycin inhibitor on an in vivo model of
cisplatin-induced ovarian gonadotoxicity
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Abstract: This study aimed to evaluate the protective effect of everolimus, a mechanistic target of
rapamycin (mTOR) inhibitor, on cisplatin chemotherapy-induced ovarian toxicity. Eighty sexually
mature, virgin, female, 7-week-old C57BL/6J mice were divided into four groups: control, cisplatin
(Cis), everolimus (mTORI), and everolimus plus cisplatin (mTORi+Cis). Mice in the Cis and mTORi+Cis
groups were intraperitoneally injected with 2 mg/kg of cisplatin for 15 d. Mice in the mTORi and
mTORIi+Cis groups were orally administered 2.5 mg/kg of everolimus for 29 d, from one week before
the first cisplatin injection to one week after the last cisplatin injection. Histological examinations were
performed 24 h after the last everolimus administration. The primordial, primary, and antral follicles
were significantly depleted in the Cis group compared with that in the control group, confirming the
gonadotoxicity of cisplatin. The number of primordial, secondary, and antral follicles was significantly
higher in the mTORI+Cis group than in the Cis group, thereby displaying the effect of mTORi-treatment
on ovarian protection. Primordial, secondary, and antral follicle counts were similar in the mTORi+Cis
and the control groups. The results of this study indicate a protective effect of an mTOR inhibitor
against cisplatin chemotherapy-induced gonadotoxicity in the ovarian reserve in an in vivo mouse
model.
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Introduction

With advancements in biomedical technology, an in-
creasing number of patients are surviving cancer. Pre-
serving fertility in adolescent and young adult (AYA)
cancer survivors is a socially important issue [25] be-
cause anticancer chemotherapy and radiotherapy mark-
edly decrease gonadal function. Cisplatin is a platinum-
based type of cytotoxic anti-cancer agent, and the

American Society of Clinical Oncology stated that cis-
platin is an example of anticancer drugs with gonadal
toxicity [18]. Despite its high gonadal toxicity, cisplatin
is often used to treat cancers in AYAs, especially for
ovarian germ cell cancer [21], breast cancer [1], locally
advanced cervical cancer [3, 8, 22], and other malignant
tumours [10]. The aforementioned malignant tumours
are common among AYAs [17].

There are three alternatives for the protection of fe-
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male fertility from chemotherapy-induced toxicity: cryo-
preservation of ovaries, cryopreservation of oocytes or
embryos, and administration of ovarian-protective drugs
[18]. “Ferto-protective adjuvant therapy” refers to the
administration of adjuvant therapy during or prior to
chemotherapy, which can prevent the loss of the ovarian
reserves; this term was defined by Woodruff in 2009 [30].
The process for cryopreservation of ovaries is currently
under development, and the cryopreservation of oocytes
or embryos has limitations including the risk of delay in
initiating anti-tumour treatment, a risk of obtaining an
insufficient number of cells, and the requirement of as-
sisted reproductive technology. Development of ferto-
protective adjuvant therapies is clinically significant; a
natural pregnancy after chemotherapy is possible if the
ferto-protective adjuvant drug does not attenuate the
antitumor effect while also preventing chemotherapy-
induced ovarian toxicity.

Until now, no drug had displayed robust ferto-protec-
tive activity in human clinical trials; hence, new drugs
were needed. Recently, activation of the PI3K/PTEN/
AKT pathway was detected in cisplatin chemotherapy-
induced ovarian toxicity, and the underlying mechanisms
cause the loss of follicles [5]. Therefore, we focused on
mechanistic target of rapamycin (mTOR), a downstream
protein in the PI3K/PTEN/AKT pathway, and hypoth-
esised that an mTOR inhibitor (mTORi) would effec-
tively combat cisplatin-induced ovarian toxicity.

This study, to our knowledge, is the first to investigate
the role of mTOR inhibitors in preventing ovarian toxic-
ity of cisplatin.

Materials and Methods

Animals

Eighty sexually mature, virgin, female C57BL/6J mice
(7-week-old) were purchased from CLEA Japan, Inc.
(Tokyo, Japan). The animals were housed in the Animal
Center of the National Defense Medical Center under a
12:12-h light/dark cycle with ad libitum access to food
and water. The animals were acclimatised for 1 week
before the experiment. All procedures were carried out
in accordance with the animal care and welfare guide-
lines of Shiga University of Medical Science. All ex-
perimental procedures were approved by the Shiga
University of Medical Science Animal Experimentation
Center Committee.

Materials

Everolimus (dry powder) was purchased from Selleck
(USA). Microemulsion vehicle-formulated everolimus
(propylene glycol and Tween 80) were purchased from
Sigma-Aldrich (USA). Cisplatin was purchased from
Nichiiko, Japan. Everolimus and an everolimus-free
vehicle were administered orally. Cisplatin was diluted
in 0.9% saline. Cisplatin in saline (control vehicle) were
administered through intraperitoneal injection.

Determination of in vivo ovarian toxicity

The eighty mice used in this study were divided
equally into four groups: Control, cisplatin (Cis), evero-
limus (mTORi), and everolimus plus cisplatin
(mTORi+Cis). Mice in the Cis and mTORi+Cis groups
were intraperitoneally administered 2 mg/kg of cispla-
tin daily for 15 d. Mice in the Control and mTORi groups
were similarly administered saline. Mice in the mTORi
and mTORi+Cis groups were orally administered 2.5
mg/kg of everolimus daily 1 week before to 1 week after
cisplatin administration. Mice in the Control and Cis
groups were similarly administered an everolimus-free
vehicle (Fig. 1). After the measurement of final mice
body weight, they were euthanized on day 30, 1 week
after the last cisplatin injection. During euthanasia, the
ovaries were harvested and immediately fixed in Bouin’s
solution following the measurement of ovarian weight.

Haematoxylin and eosin (H&E) staining and follicle
classification

After fixation, the ovaries were embedded in paraffin,
cut into 4 um thick sections, and stained with H&E.
Procedures for follicle identification and enumeration
were conducted as previously described [9, 20, 28]. Fol-
licles were counted in every 25th section throughout the
entire ovary, and the total number was determined. Fol-
licles were counted only when the nucleus was present
in the section.

Statistical analysis

Results were analysed with Prism version 6.0 software
(GraphPad, USA). All data are presented as mean £ SEM
value. Differences between groups were tested by one-
way analysis of variance (ANOVA). If a significant
overall difference was found, the post hoc Tukey test
was computed for multiple comparisons. A value of
P<0.05 was considered statistically significant.
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Experimental scheme: 2.5 mg/kg of everolimus or vehicle was orally administered daily

from week 1 day 1 to week 5 day 1; 2 mg/kg of cisplatin or saline was administered through
intraperitoneal injection daily from week 2 day 1 to week 4 day 1. Mice were euthanized

on week 5 day 2.

Results

The Cis group showed a significantly lower final body
weight than the control group (P<0.001); the mTORi+Cis
group also showed a significantly lower final body
weight than the mTORi group (P<0.001). However, there
was no significant difference in final body weight be-
tween the control and mTORi Cis, and mTORi+Cis
groups (Fig. 2).

Regarding ovarian weight, the Cis group presented a
significantly lower value than the control group (P<0.01).
The mTORi+Cis group presented a significantly higher
ovarian weight than the mTORi group (P<0.05); how-
ever, there was no significant difference between the
ovarian weight of the control group and that of the
mTORi+Cis group (Fig. 3).

Histological analysis revealed that the ovarian tissue
of the control group displayed normal ovarian architec-
ture with an orderly arrangement of follicles. Ovarian
tissue of the Cis group had reduced surface area and
extensive destruction of the ovarian structure, reduced
numbers of follicles at all stages, and numerous degen-
erating follicles compared with the control group. Ovar-
ian tissue of the mTORIi group displayed normal size
surface area and a larger number of various follicle types
compared with the control group. Ovarian tissue of the
mTORi+Cis group had normal surface area, a few de-
generating follicles, and numerous normal follicle types;

their histological characteristics were similar with those
of the control group (Fig. 4).

We investigated the effect of an mTOR inhibitor and
cisplatin on the number of follicles in each group. A
follicle count revealed that ovarian tissue of Cis group
had significantly fewer primordial follicles (P<0.01),
primary follicles (P<0.001), and antral follicles (P<0.05)
than those in the control group. Ovarian tissue of the
mTORIi group had a significantly higher number of pri-
mordial follicles (P<0.001) and primary follicles
(P<0.05) than the control group. Ovarian tissue of the
mTORIi+Cis group had a significantly higher number of
primordial follicles (P<0.05), secondary follicles
(P<0.05), and antral follicles (P<0.001) than that in the
Cis group. Ovarian tissue of the mTORi+Cis and the
control groups had statistical equivalent number of pri-
mordial, secondary, and antral follicles (Fig. 5).

Discussion

The present results indicate that daily administration
of an mTOR inhibitor can preserve ovarian function and
protect against cisplatin chemotherapy-induced dysfunc-
tion with minimal toxicity. Our results indicate that
cisplatin caused intense ovarian toxicity by increasing
the number of degenerating follicles and decreasing the
number of primordial and other types of follicles. The
number of primordial, secondary, and antral follicles
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Fig. 2. Final body weight. The final body weight of mice
was significantly reduced when cisplatin was ad-
ministered. Regarding the final body weight, the
Cis group presented a lower value than the control
group (***P<0.001) and the mTORi+Cis group
presented a lower value than the mTORi group
(*¥**P<0.001). The final body weight of mice was
not significantly different between the group treat-
ed with TOR inhibitor and the untreated group;
control group and mTORi had equivalent final
body weights (n.s., not significant; P>0.05), and
the Cis group and mTORi+Cis group had equiva-
lent final body weights (n.s., not significant;
P>0.05). All data represent the mean += SEM value.

increased with the addition of the mTOR inhibitor during
cisplatin administration, and the numbers of primordial
and other types of follicles between the mTOR+Cis and
control groups were equivalent. Since the primordial
follicle pool size is the primary indicator of ovarian func-
tion in mice [13], mTOR inhibitors are effective ferto-
protective adjuvant agents in combating the effects of
cisplatin. The mTORi group presented a larger primor-
dial follicle pool size than the control group, consistent
with previous reports. This mechanism was explained
by the decreased expression of mMTOR and augmentation
of the resting follicle reserves [31]. The result of ovar-
ian weight measurement supported the histological
analysis. Results of ovarian weight change due to cispl-
atin-induced ovarian toxicity were similar to those re-
ported in a previous study [5]. The final body weight
indicated systemic minimal toxicity associated with
mTOR inhibitor treatment in mice.

The mechanism underlying the improvement of pri-
mordial follicles as ferto-protective effect of mTOR
inhibitors against cisplatin-induced ovarian toxicity may
include preventing follicular activation and preventing
apoptosis in growing follicles, through interference of
the mTOR pathway. Recently, new mechanisms underly-
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Fig. 3. Ovarian weight. The Cis group had a significant-
ly lower ovarian weight than the control group
(**P<0.01). The mTORI group had a significant-
ly higher ovarian weight than the Cis group
(*¥**P<0.001). The mTORi+Cis group had a sig-
nificantly lower ovarian weight than the mTORIi
group (*P<0.05). The control group and
mTORi+Cis group had equivalent ovarian weights
(n.s., not significant; P>0.05). All data represent
the mean + SEM value.

ing cisplatin and cyclophosphamide chemotherapy-in-
duced ovarian toxicity have been identified. Follicle
activation occurs through activation of the PI3K/PTEN/
AKT pathway, resulting in the pooling of many growing
follicles, and many of these growing follicles undergo
apoptosis [14]. Thereafter, Goldman et al. and Zhou et
al. focused on mTOR, a downstream protein in the PI3K/
PTEN/AKT pathway, and they reported that co-treatment
with an mTOR inhibitor prevents cyclophosphamide-
induced ovarian dysfunction by reducing both follicle
activation and apoptosis, specifically targeting the fol-
licles [9, 32]. In the present study, loss of primordial
follicles and an increased number of degenerating and
growing follicles was observed in the cisplatin treatment
group. A normal number of primordial follicles, a few
degenerating follicles, and a normal number of growing
follicles were observed in the mTOR inhibitor and cis-
platin co-treatment group compared with the control
group. Considering previous literature and the present
results, the mechanism underlying the improvement of
primordial follicles as ferto-protective of mTOR inhibi-
tors against cisplatin-induced ovarian toxicity probably
involves both prevention of follicular activation and
prevention of apoptosis in growing follicles, through
interference of the mTOR pathway. Further studies are
needed to elucidate the mechanism underlying the pro-
tection of cisplatin-induced ovarian toxicity by mTOR
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control

Fig. 4. Histological examination of ovaries. The control group had follicles with normal morphol-
ogy in normal-sized ovaries. The Cis group showed an obvious reduction in the ovarian
surface area and number of normal follicles, increase in degenerating follicles, and destruc-
tion of the ovarian structure. The mTORIi group showed many follicles with normal mor-
phology in normal-sized ovaries. The mTORi+Cis group had many follicles with normal
morphology in normal-sized ovaries and few degenerating follicles.

inhibitors.

Among ferto-protective adjuvant agents, mTOR in-
hibitors have many advantages over other drugs. Differ-
ent types of ferto-protective adjuvant agents have been
reported in in vivo models. Briefly, hormonal therapies
and non- hormonal therapies have been reported [23, 24,
27]. In in vivo models, gonadotropin releasing hormone
agonist (GnRHa) have has been the most well-studied
candidate drug in this field. However, there have been
conflicting results regarding GnRHa in human clinical
trials [6, 23]. There are four advantages of using mTOR
inhibitors as ferto-protective adjuvant agents. First,
mTOR inhibitors have an antitumor effect, and they are
used to treat breast cancer [1] and renal cancer [19]. A
considerable number of studies have evaluated the on-
cological outcomes of mTOR inhibitor treatment in
cervical and other gynaecological cancers [7]. Second,
pregnancy is possible during oral administration of
mTOR inhibitors, whereas it is difficult in many hor-

monal therapies. Third, pregnancy prognosis might be
improved. Miscarriage and preterm birth rates would
increase after cancer treatment [16, 29]. mTOR inhibitors
have been reported to cause remission of respiratory
distress syndrome induced by preterm delivery [12] and
to decrease the preterm birth rate [4]. Fourth, mTOR
inhibitors are clinically used for various diseases and
proven to be safe for long-term use. In the present study,
everolimus was used as an mTOR inhibitor, which is a
derivative of sirolimus, a known “anti-aging agent” [11,
31]. Everolimus is used clinically as an immunosuppres-
sant to prevent the immunological rejection of organ
transplants [2], restenosis of coronary stents [26], and
as an anticancer-drug in the treatment of malignant tu-
mours [1, 19].

Our study has several limitations. Although our study
was limited by the use of a murine model, our drug dos-
age and experiment protocol were determined in accor-
dance with the amount that is clinically applied in human
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Fig. 5. Follicle counts. (A) Primordial follicle count: the Cis group had significantly fewer primor-
dial follicles than the control group (**P<0.01). The mTORi+Cis group had significantly
more primordial follicles than the Cis group (*P<0.05). The mTORi+Cis group and control
group had equivalent primordial follicle counts (n.s., not significant; P>0.05). (B) Primary
follicle count: the Cis group had significantly fewer primary follicles than the control group
(*¥**P<0.001). (C) Secondary follicle count: The mTORi+Cis group had significantly more
secondary follicles than the Cis group (*P<0.05). The mTORi+Cis and control groups had
equivalent secondary follicle counts (n.s., not significant; P>0.05). (D) Antral follicle count:
the Cis group had significantly fewer antral follicles than the control group (*P<0.05). The
mTORi+Cis group had significantly more follicles than the Cis group (***P<0.001). The
mTORi+Cis group and control group had equivalent antral follicle counts (n.s., not sig-
nificant; P>0.05). All data represent the mean + SEM value.

cancer treatment and we used the same dose that has an
anti-tumour effect on tumour-bearing mice in an in vivo
model. Everolimus and cisplatin dosages used for our
murine model were almost equivalent to and greater than
those used to treat cancer in humans [5, 9]. The admin-
istration protocol and dosage of cisplatin in our study
were exactly the same as those reported previously [5].
Considering the time lag of reaching to steady-state
everolimus concentrations [15], everolimus administra-
tion was initiated 1 week before cisplatin administration,
as in a previous study [32]. Furthermore, we conducted

experiments with healthy mice rather than tumour-bear-
ing mice, and future studies using tumour-bearing mice
are necessary. The primary focus of the present study
was ovarian function; however, evaluations of perinatal
prognosis, such as litter size and/or percentage of live
births and/or pup weight, are also necessary in our ex-
perimental system. Although some human clinical case
reports describe normal fertility outcomes in patients
treated with mTOR inhibitors [9], more studies are
needed to assess the long-term effects of mTOR inhibi-
tors on offspring.
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In conclusion, the present study report that an mTOR
inhibitor, when used in combination with the chemo-
therapeutic drug cisplatin, attenuated cisplatin-mediated
primordial follicular loss in mouse ovaries.
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